The distribution, origin, and fine structures of cholecystokinin-B-like immunoreactive (CCKI) fibers in the nucleus ventromedialis hypothalami (vm) of the rat were examined using immunohistochemistry.
Abstract
The distribution, origin, and fine structures of cholecystokinin-B-like immunoreactive (CCKI) fibers in the nucleus ventromedialis hypothalami (vm) of the rat were examined using immunohistochemistry.
CCKI fibers were moderately concentrated in the ventrolateral part of the vm, decreasing in number dorsomedially. However, no CCKI cells were seen in the vm even in colchicine-treated rats. In addition, the destruction of the lateral part of the nucleus parabrachialis dorsalis (pbd) where numerous CCKI cells were seen resulted in a marked decrease in CCKI fibers in the vm on the operated side.
Electron microscopic observations revealed that CCKI terminals make synaptic contact with soma, spine, and the proximal segment of the dendrite. The neurons making synaptic contact with the CCKI fibers had moderately electron-lucent cytoplasm. These findings suggest that the CCKI fibers in the vm originate from CCKI cells in the lateral part of the pbd and directly influence the vm neurons.
The nucleus ventromedialis hypothalami (vm) has studies demonstrated that this immunoreactivity is been shown to play a role in a variety of functions such mainly caused by the presence of COOH-terminal octaas emotional and feeding behaviours (Hobel and Teitepeptides of CCK, which shared the same COOH-terminal baum, 1962; Brobeck, 1964; Palka and Sawer, 1966 ; Ber-five amino acids with gastrin (Muller et al., 1967; Docknardi and Skelton, 1967; Mayer and Thomas, 1967; Ste-ray, 1976; Dockray et al., 1978; Rehfeld, 1977 Rehfeld, , 1978a Rehfeld, , b, venson, 1969 Palka et al., 1971; Carrer et al., 1973/74; 1980; Rehfeld and Goltermann, 1979; Rehfeld et al., Grossman, 1975; Nance, 1976; Novin et al., 1976; Oom-1979) . Accumulating evidence suggests that CCK funcura, 1976), endocrine activity (Hinman and Griffith, tions as a neurotransmitter or neuromodulator (Dockray, 1973; Martin, 1973; Bray and Campfield, 1975), auto-1976; Rehfeld, 1977 Rehfeld, , 1978a Rehfeld, , b, 1980 Vandesande et al., nomic system (Ridley and Brooks, 1965; Bernardi and 1977; Hokfelt et al., 1978 Hokfelt et al., , 1980a Innis et al., 1979; Frohman, 1971) , and reproduction (Kennedy, 1963) . Re-Larsson and Rehfeld, 1979; Loren et al., 1979; Emson et cently, immunohistochemical studies have demonstrated al., 1980; Greenwood et al., 1981; Meyer et al., 1981 ; the presence of cholecystokinin (CCK)-8 fibers in the Beinfeld and Palkovits, 1982; Cho et al., 1983; Kiyama vm (Hokfelt et al., 1978; Innis et al., 1979; Lo&n et al., et al., 1983; Kubota et al., 1983) . Therefore, the findings 1979; Vanderhaeghen et al., 1980; Cho et al., 1983) in that CCK fibers are localized in the vm imply that at addition to other kinds of peptides (Hokfelt et al., 1978) . least some vm functions are mediated by CCK fibers in CCK-8 was first identified in the brain as a gastrinthis area, although the precise transmission mechanisms like peptide by Vanderhaeghen et al. (1975 Vol. 4, No. 5, May 1984 in the vm, we have attempted to elucidate the origins and fine structures of the CCKI fibers in the vm, of which little is known.
Materials and Methods
Light microscopic analysis A total of 85 male young rats (weighing 50 to 100 gm) were used in this study. Seven rats were prepared for analysis of the normal distribution of CCK-8like immunoreactive (CCKI) structures in the brain. Three rats were given intraventricular colchicine pretreatment (3 ~1 at 2 mg/ml) and killed 24 to 48 hr after the injection. The remaining rats were divided into three groups: (1) knife cut study (28 rats), (2) retrograde tracer study using HRP (19 rats), and (3) electrolytic lesion study (28 rats). All experiments were carried out stereotaxically according to the atlas of Konig and Klippel (1963) under sodium pentobarbital anesthesia (40 mg/kg, i.p.).
Surgical procedures
Knife cut study. Figure 1 illustrates the four types of hemi-or total transections of the brain: (a) Just rostra1 to the vm (A 5660 pm) (seven rats), (b) just caudal to the vm (A 3430 pm) (six rats), (c) at the level of the decussation of the superior cerebellar peduncle (A 160 pm) just rostra1 to the nucleus parabrachialis dorsalis (pbd) (seven rats), and (d) just caudal to the pbd (P 2000 pm) (Fig. Id) (eight rats). Five to 7 days after operation the rats were processed for immunohistochemistry.
HRP study. The above results suggested that CCKI fibers in the vm originate in an area between A 160 pm and P 2000 pm. Therefore, HRP (40%) solution (Sigma type VI) in a glass micropipette was iontophoretically injected into the vm. A high voltage constant current source was used to provide a pulse-positive alternating current (7 set on, 7 set off). A single injection of HRP was made stereotaxically by using a positive current of 2.5 PA for 20 min. After 48 hr the animals were processed by the HRP method. To rule out the possibility of HRP uptake by the fibers that pass through the vm, HRP was also injected into the areas rostra1 and dorsal to the vm.
Lesion study. Electrolytic lesions were stereotaxically made by passing a DC current (40 PA for 3 to 7 min) through a monopolar electrode placed in the lateral part of the pbd (nine rats), central gray matter (six rats), or b c inferior colliculus (six rats). As a control lesions were also made in the adjacent areas (seven rats). After 5 to 7 days the animals were processed for immunohistochemistry. The extent of lesion was carefully assessed after cresyl violet staining.
Immunohistochemistry
Preparation of tissue. All of the anesthetized rats were perfused intracardially with 50 ml of saline followed by 200 ml of cold Zamboni's fixative (Zamboni and De Martino, 1967) . The brain was removed rapidly and immersed in the same fixative for 24 hr and rinsed overnight in phosphate buffer containing 30% sucrose at 4°C. Serial frontal or sagittal sections (10 pm) were cut on a cryostat, paying attention to the stereotaxic levels of the brain.
Immunohistochemical procedure. The sections were immediately incubated in cold phosphate-buffered saline (PBS) for 30 min before being subjected to the indirect immunofluorescent technique (Coons, 1958) . Serial sections were divided into three groups: one for demonstration of CCKI structures, the second for absorption control experiments, and the third for Nissl staining with cresyl violet. The rabbit antiserum against CCK diluted 1:2000 with PBS was reacted with the first group of sections for 12 hr at 15°C in a humid atmosphere. The sections were rinsed first in cold PBS for 10 min, then in PBS containing 1% Triton X-100 for 10 min, and next in PBS for 10 min. The sections were then incubated with fluorescein isothiocyanate-conjugated goat antirabbit antiserum (Miles, Co. Ltd.) diluted at 1:2000 with PBS for 12 hr at 15°C followed by rinsing in PBS for 10 min, PBS containing 1% Triton X-100 for 10 min, and then again with PBS for 10 min. The sections for the absorption control experiments were first incubated with antiserum against CCK which is absorbed by excessive CCK (0.1 mM), after which they were processed as described above. The sections were mounted in a PBSglycerine mixture (1:l).
HRP method
Two days after HRP injection, the rats were perfused with 1.25% glutaraldehyde-0.5% paraformaldehyde in 0.1 M phosphate buffer containing 30% sucrose. Serial frontal sections (30 pm) were cut on a cryostat and subjected to 3,3',5,5'-tetramethylbenzidine reaction (Mesulam, 1978) .
Electron microscopic analysis A total of five rats were used in this study. Preparation of tissue. A recently developed procedure for immuno-electron microscopic analysis by Somogyi and Takagi (1982) was used. The anesthetized rats were perfused transcardially with 25 ml of cold saline followed by 300 ml of cold picric acid (0.2%)-paraformaldehyde (4%)-glutaraldehyde (0.05%) fixative in 0.1 M phosphate buffer (pH 7.4). The brain was removed and immersed in the same fixative for 2 hr at 4°C. The brain including the vm was cut into small blocks (approximately 4 X 4 x 6 mm) and washed three times in 0.1 M phosphate buffer (pH 7.4) followed by 10% and 20% sucrose dis-solved in the same buffer until the block sank. They were then frozen in liquid nitrogen and thawed in 0.1 M phosphate buffer at 15°C. Section (50 pm) were cut on a Vibratome (Oxford Instruments) and immersed overnight at 4°C in 0.1 M phosphate buffer (pH 7.4).
Immunohistochemical procedure. For demonstration of CCKI structures, the peroxidase-antiperoxidase (PAP) method (Sternberger et al., 1970) was used. The sections were incubated with 20% normal goat serum for 30 min at 15°C washed in PBS for 1 hr at 4°C and incubated with antiserum against CCK for 12 hr at 4°C at a dilution of 1:2000 with PBS. Next they were washed three times for 40 min each with PBS at 4°C incubated with goat anti-rabbit IgG (Hoechst) at a dilution of 1:lOO overnight at 15°C washed three times with PBS for 40 min each at 4°C incubated with rabbit peroxidase-antiperoxidase complex (DAKO) at a dilution of 1:200 for 4 hr at 15°C and washed three times with PBS for 40 min each. The sections were then pre-incubated for 20 min in 0.05% 3,3'-diaminobenzidine tetra HCl (Sigma) dissolved in 0.05 M Tris-HCl buffer, pH 7.4, followed by a reaction for 5 min in the same solution containing 0.01% hydrogen peroxide. After washing, the sections were postfixed for 1 hr in 1% 0~0~ in 0.1 M phosphate buffer (pH 7.4) and dehydrated. To enhance contrast for electron microscopy, the sections were stained with 1% uranyl acetate in a 70% alcohol dehydrated state. The sections were flat-embedded on slides in Epon 812 (Somogyi et al., 1982) . Ultrathin sections were examined with or without lead staining with a Hitachi HU-12 electron microscope. FLM, fasciculus longitudinalis medialis; GV, nucleus tergmenti ventralis (Gudden); LC, locus ceruleus; LL, lemniscus lateralis; LM, lemniscus medialis; ntm, nucleus tractus mesencephali nervi trigemini; nV, nucleus originis nervi trigemini; P, nucleus pontis; PCS, pedunculus cerebellaris superior; RTP, nucleus reticularis tegmenti pontis; RD, nucleus raphe dorsalis; TD, nucleus tegmenti dorsalis (Gudden).
Antiserum against CCK New Zealand white rabbits were immunized with CCK-8 peptide, conjugated, and coupled with keyhole limpet hymocyanin as previously described (Hashimura et al., 1982) . The specificity of the antiserum was tested using radioimmunoassay and an absorption test. Radioimmunoassay confirmed that the cross-reactivity of this antiserum with CCK-33, CCK-39, tetragastrin, and gastrin 17 was less than 40%; no cross-reactivity was seen with other peptides, such as somatostatin, neurotensin, sub- . Electron micrograph of CCKI terminals which make synaptic contact with soma of the vm neurons. In the CCKI terminal, an aggregation of the synaptic vesicles was seen at the contact membrane, some of which appeared to be fused with the membrane; without lead staining. The arrowhead indicates the zonula adherens. Magnification X 37,000. stance P, enkephalins, endorphins, luteinizing hormonereleasing hormone, ACTH, or vasoactive intestinal polypeptide. The radioimmunoassay also demonstrated that this antiserum is C-terminal region specific (Hashimura et al., 1982) . The specificity of this antiserum was also confirmed by an absorption test. CCK-8 antiserum pretreated with an excess of CCK-8 (0.1 InM) served as the absorption control serum. Since the structures stained with CCK-8 antiserum were not seen in the sections incubated with absorbed control serum, these structures were considered specific. Although these materials should correctly be described as showing CCK-8-like or gastrin-like immunoreactivity, we used the simpler term "CCKI." Nomenclature Nomenclature followed that of Kdnig and Klippel (1963) , Palkovits and Jacobowitz (1974) , and van Houten and Brawer (1978) .
Results

Light microscopic analysis
Distribution of CCKI structures in the urn. As shown in Figure 2 , CCKI fibers were unevenly distributed throughout the entire rostrocaudal extent of the vm. They were moderately concentrated in the ventrolateral area but decreased in number toward the dorsomedial portion. The CCKI fiber plexus was composed of very fine terminals (Fig. 4e) . No CCKI cells were detected, even in the colchicine-treated rats. Knife cut experiment. Hemitransection of the brain caudal to the vm (A 3430 pm) caused a marked ipsilateral decrease in CCKI fibers in the vm, whereas hemi-or total transection just rostrally (A 5660 pm) did not. Hemitransection of the brain just rostra1 to pbd (A 160 pm) resulted in a similar decrease, whereas hemi-or total transection just caudal to the pbd (P 2000 pm) did not. Thus, the majority of CCKI fibers in the vm appear to originate in the area between A 160 pm and P 2000 pm. Within this area, CCKI cell groups were found in the lateral part of the pbd (Figs. 3 and 4c) , colliculus inferior, dorsal nucleus of the lateral lemniscus, the most caudal part of the nucleus raphe dorsalis, and central gray matter of the colchicine-treated rats. HRP experiment. Based on the results of the knife cut study, HRP was injected iontophoretically into the vm (Fig. 5a) , and the locations of HRP-labeled cells found in the area between A 160 pm and P 2000 pm were compared with those of CCKI cells in the same area. The location of the labeled cells identified in this area in the cases in which the injection site was restricted to within vm but did not extend to the areas outside the vm is schematically drawn in Figure 3 (triangles) . HRP injection into the areas rostra1 or dorsal to the vm failed to label these cells. Groups of cells which contained both HRP-labeled cells and CCKI cells were observed in the lateral part of the pbd (Figs. 3 and 4, b and c) , central and inferior colliculus (Fig. 3) , where they showed a similar distribution pattern. Lesion experiments. In cases PB 12, 18, 19, and 29, lesions made in the lateral portion of the pbd (Fig. 4d) slightly affected the adjacent areas, such as the medial parts of the lemniscus lateralis and pbd, and caused a marked decrease in CCKI fibers in the ipsilateral vm (Fig. 4e) , as was also seen upon transection of the brain just caudal to the vm or rostra1 to the pbd. In cases PB 13, 14, 21, 24, and 25, lesions centered adjacent to and partially including the lateral portion of the pbd caused a moderate reduction of CCKI fibers in the vm. However, lesions made in the medial portion of the pbd or its adjacent areas, with the lateral part of the pbd intact, as well as those made in the central gray matter or inferior colliculus, caused no reduction of CCKI fibers in the vm. These findings suggest that the majority of CCKI fibers in the vm are supplied by CCKI neurons in the lateral part of the pbd.
Electron microscopic analysis
General observations of CCKI terminals in the urn. Fine structures of CCKI fibers in the vm were examined mainly in the ventrolateral part, because the fibers were concentrated in this area (Figs. 2 and 4e) . The labeled terminals were easily identified under electron microscopy due to the electron-dense precipitates.
In these terminals (diameter about 0.4 to 1.8 pm), immunoreactive end products were associated with the surface membrane of the cell's organelles, such as small lucent synaptic vesicles, mitochondria, and the inner surface of the cell membrane (Figs. 5 to 8) .
Synaptic contact. More than 200 micrographs of well preserved CCKI terminals photographed at random were examined to determine the relationship between labeled and unlabeled neuronal components.
Immunoreactive terminals generally made synaptic contacts with both the soma and dendrites that were devoid of immunoreactivity.
Axosomatic contact. Numerous CCKI terminals were seen around the vm neurons. They showed a direct apposition to the soma (Figs. 5, 6 , and 7a). Since an aggregation of synaptic vesicles to the contact membrane in the CCKI terminals (Figs. 6 and 7a ) and a slight amount of electron-dense materials were seen where an aggregation of the vesicles are identified, these terminals appeared to form symmetrical synapses with soma. Moreover, CCKI formed axospinous contact (Fig. 7b) . However, in this case, a typical asymmetrical synapse was observed (Gray, 1959) . In addition to these contacts, electron-dense substances were often seen between the CCKI terminals and soma (Fig. 6, arrowhead) . They appeared to belong to the zonula adherens, because no aggregation of the synaptic vesicles was detected where electron-dense substances are found.
The neuronal soma in contact with CCKI terminals had moderately electron-lucent cytoplasm with large nuclei that varied in shape and were often invaginated (Fig.  5a ). Chromatin aggregates in the karyoplasm formed a faint rim around the nucleolus (Figs. 5 and 6 ). The organelles were dispersed throughout the electron-lucent matrix (Fig. 7a) . The majority of the ribosomes appears as unbounded rossetes that were unevenly distributed in the cytoplasm.
The granular endoplasmic reticulum often appeared as short segments but not as aggregated Nissl substance. Well developed Golgi apparatus were found throughout the cytoplasm. Large alveolate vesicles and small vesicles were often associated with a Golgi complex (Fig. 5b) . The chromatoid body (Millhouse, 1978) or cytoplasmic filamentous body (van Houten and Brawer, 1978) was frequently found in these neuronal perikarya.
Axodendritic contact. The CCKI terminals also made contact with moderately large (0.4 to 1.6 pm in diameter) dendrites that contained numerous cytoplasmic organelles, such as membranous structures, free ribosomes, and microtubules. Both symmetrical (Fig. 8a ) and asymmetrical (Fig. 8b) synapses were seen. In addition, CCKI terminals made zonula adherens with the dendrites as seen in the soma (Fig. 8~) a, x 31,000; b, x 37,000. Vol. 4, No. 5, May 1984 Figure 8. Electron micrographs showing axodendritic contact of CCKI terminals with the dendrite (D). CCKI terminals make both symmetrical (a) and asymmetrical (b) synapses with the dendrites. Note that these dendrites were relatively large in size and contained cytoplasmic organelles. CCKI terminals often form zonula adherens with the dendrite. Note that no aggregation of synaptic vesicles was seen in the terminals just beneath the contact membrane. a and c, with lead staining; b, without lead staining. Magnifications: a, X 24,000; b, X 42,000; c, X 32,000.
terminals were often situated in close apposition to other axon terminals that lacked immunoreactivity.
Discussion
The present experimental immunohistochemical study demonstrated that CCKI terminals in the vm originate from CCKI cells in the lateral part of the pbd. Using a tracer technique, McBride and Sutin (1977) and Saper and Loewy (1980) demonstrated the presence of a pbdvm tract (see also Edley and Graybiel, 1983) . Based upon our findings, it is probable that CCK is one of the major components of the pbd-vm tract.
The parabrachial area is well known as the pontine gustatory center (Norgren, 1974 (Norgren, , 1976 . However, the location of this center appears to be different from that of the CCKI cells in the parabrachial area; the former area is located more caudoventrally than the CCKI cells in the pbd. Thus, it seems unlikely that the vm receives the input monosynaptically from the gustatory center via CCK, although it is possible that CCKI neurons in the lateral portion of the pbd, which project to the vm, receive inputs from the gustatory center. Our electron microscopic experiments revealed that CCKI terminals in the vm make synaptic contact with neuronal soma or proximal segments of the dendrites of the nonlabeled cells. These soma have moderately electron-lucent cytoplasm and may belong to the "common cells" defined by Millhouse (1978) , because such cells exhibit a less electron-dense matrix and fewer Nissl bodies than uncommon cells.
The dendrites that receive CCKI inputs appear to be proximal segments of the dendrites of the neuronal cells mentioned above, because they contain numerous cytoplasmic organelles and could often be traced to the soma whose cytoplasmic characteristics are very similar to those with which CCKI terminals make contact.
Hendry et al. (1983) and Palkovits et al. (1982) showed that CCKI terminals make symmetrical synapses in the The Journal of Neuroscience CCK-8 in the Nucleus Vei cerebral cortex and solitary nucleus. The present study, also involving the vm, confirmed the presence of symmetrical CCKI synapses and further found that CCKI terminals make asymmetrical synapses with spines and dendrites.
Pharmacological studies suggest that CCK might be related to the feeding function (Koopmans et al., 1972; Gibbs et al., 1973a, b; Antin et al., 1975 Antin et al., , 1978 Leibling et al., 1975; Smith and Gibbs, 1975; Berstein et al., 1976; Sturdevant and Goetz, 1976; Maddison, 1977; Mueller and Hsiao, 1977; Houpt et al., 1978; Mineka and Snowdon, 1978; Nemeroff et al., 1978; Della Fera and Baile, 1979; Felasco et al., 1979; Stacher et al., 1979; McLaughlin and Baile, 1980; Parrott and Batt, 1980; Crawley et al., 1981; Della-Fera et al., 1981; Kissileff et al., 1981; Myers and McCaleb, 1981; Parrott and Baldwin, 1981; Smith et al., 1981) . On the other hand, it is well established that the vm plays a role in appetite (Hobel and Teitebaum, 1962; Brobeck, 1964; Palka and Sawer, 1966; Bernardi and Skelton, 1967; Mayer and Thomas, 1967; Stevenson, 1969; Palka et al., 1971; Carrer et al., 1973/74; Grossman, 1975; Nance, 1976; Novin et al., 1976; Oomura, 1976) .
Furth,ermore, the microinjection of the chemical analogue of the CCK, caerulein, into the rat vm suppresses feeding (Stern et al., 1976) . Although the present findings imply that CCKI cells in the lateral part of the pbd directly influence vm cells ("common cells"), further studies are needed to clarify the relationship between CCK and vm functions.
Note added in proof. After submission of this paper, an abstract was published by Zaborsky et al. ((1983) SOC.
Neurosci. Abstr. 9: 453) suggesting a CCK projection from the parabrachial nucleus to the vm. References Antin, J., J. Gibbs, J. Holt, R. C. Young, and G. P. Smith (1975) 
